We examined the relations between ¢tness-related traits of wild harbour seal (Phoca vitulina) pups with microsatellite heterozygosity, and with a measure of genomic diversity based on the mean squared distance between microsatellite alleles within an individual, mean d 2 . Birth weight was positively in£uenced by maternal age, pup sex, and either mean d 2 or individual heterozygosity in separate multiple regression models. The association of birth weight with mean d 2 was stronger than that with heterozygosity, however. The factors maternal age, pup sex, and mean d 2 combined to account for 36.8% of the variation in birth weight, with mean d 2 accounting for the greatest explanatory power (52.3% of the variance explained). Pups which survived until weaning had signi¢cantly higher mean d 2 than pups which died, independent of birth weight. These e¡ects are consistent with heterosis resulting from recent population mixing, and/or inbreeding depression in this population. Mean d 2 thus provides (i) a better measure of individual genetic variability than heterozygosity for microsatellite data; and (ii) a convenient tool for assessing the e¡ects of inbreeding and outbreeding in natural populations.
INTRODUCTION
The relations between genetic variation, individual ¢tness and the viability of fragmented natural populations form a central theme in conservation biology (Lacy 1997 ). Individual genetic variation is a product of parental genetic similarity or relatedness; therefore, much of the empirical evidence for positive associations between individual genetic variation and ¢tness comes from studies of the genetic and phenotypic consequences of inbreeding: increased homozygosity and reduced values of ¢tness-related traits (Falconer & Mackay 1996) . Increased homozygosity may also occur when populations are relatively small and isolated, even when matings between close relatives are avoided, owing to genetic drift or chance matings of less recent coancestors (Ralls et al. 1986; Shields 1993) . Increased homozygosity may result in a reduction of the mean phenotypic value of traits associated with ¢tness, or inbreeding depression, for several reasons (Charlesworth & Charlesworth 1987; Falconer & Mackay 1996) . First, increasing homozygosity increases the chances of the expression of deleterious recessive alleles, and second, homozygotes may have reduced ¢tness value for traits which are controlled by directionally dominant loci. Heterosis, or hybrid vigour, is associated with increased heterozygosity resulting from the crossing of inbred lines, and may also occur as a result of mixing genetically diverged populations in nature. The in£uence of genetic variation on ¢tness therefore spans a continuum from inbreeding depression to heterosis (Mitton 1993) .
Inbreeding e¡ects are well-documented in captive and domestic animal and plant populations (Falconer & Mackay 1996) ; however, fewer studies have demonstrated associations between ¢tness and inbreeding or common coancestry in natural populations (Ralls et al. 1986; Shields 1993) . This is owing, in part, to the inherent di¤-culties in accurately measuring ¢tness traits of long-lived organisms in the natural environment (Hutchings & Ferguson 1992) , and also to the tremendous e¡ort required to generate detailed pedigree data to quantify an individual's coancestry (Keller et al. 1994 ). An alternate approach has been to produce relatively inbred and outbred individuals by controlled breeding in the laboratory, and then infer the in£uences of inbreeding on individual ¢tness following their release into the wild (Jimenez et al. 1994 ). This method is unsuitable for longlived organisms or those that are di¤cult to breed in captivity, however.
Inferences about the consequences of inbreeding and outbreeding on ¢tness in natural populations have more commonly been made from associations between markerbased measures of genetic variability, such as average heterozygosity at protein loci, and ¢tness-related traits such as survival, disease resistance, rate of development, growth rate, physiological performance and £uctuating asymmetry (Allendorf & Leary 1986; Mitton 1993) . Usually, positive relations have been found; however, this is not always the case. For example, meta-analyses suggest that the association between average heterozygosity and growth or £uctuating asymmetry is generally weak (Britten 1996) , and negative associations with survival (Allendorf & Leary 1986) or no correlation with ¢tness-related traits (Whitlock 1993) have been reported. Marker-based approaches may consider the observed e¡ects to be owing to the loci examined or closely linked loci (see, for example, Pemberton et al. 1988 Pemberton et al. , 1991 ; however, individual heterozygosity is more often interpreted as a genome-wide measure of heterozygosity (Mitton 1993 (Mitton , 1994 and is expected to be inversely correlated with inbreeding. Average heterozygosity provides limited information, however, as only the identity or nonidentity of allelic phenotype at each locus is considered. In studies employing allozyme marker loci, which commonly have low heterozygosity and few alleles segregating at each locus, even outbred individuals will appear homozygous at many loci and individual heterozygosities tend to fall in a relatively narrow range. More polymorphic markers, such as microsatellites, o¡er a more sensitive measure of genetic variability, and also provide genetic distance information beyond allelic identity versus non-identity.
Allele lengths at many microsatellite loci appear to evolve in a stepwise pattern, with variants di¡ering from the original allele by one or more repeat units (Weber & Wong 1993; Valdes et al. 1993; Goldstein & Pollock 1997) . If the stepwise mutation model adequately describes the evolution of microsatellite allele lengths, the distance between alleles in repeat units provides information about the time since microsatellite allele coalescence (Slatkin 1995; Goldstein et al. 1995a) . Slatkin (1995) and Goldstein et al. (1995a) derived genetic distance measures for population studies by using microsatellite data based on the average sum of squares of di¡erences in allele size. One virtue of these measures is that they are expected to have a linear relation with coalescence time (Nei 1995) . Goldstein et al. (1995b) showed that a form of this distance measure, (") 2 , could be used to estimate the time of divergence between African and non-African human populations in agreement with published estimates from protein and mitochondrial DNA data. Coulson et al. (1998) thus reasoned that the squared di¡erence in repeat units between two microsatellite alleles at a locus (d 2 ) within an individual, averaged over many loci (mean d 2 ), should provide a better measure of recent inbreeding and population mixing than heterozygosity, provided that the stepwise mutation model accurately describes the mutational process at the loci considered. At the outcrossing end of the mating spectrum, mean d 2 will be sensitive to the matings of individuals from diverged populations, provided that the range of allele sizes in diverged populations di¡ers after having undergone independent patterns of stepwise mutation and drift. Within populations, mean d 2 also records homozygosity, which is expected to be correlated to the extent of recent inbreeding. Mean d 2 may therefore provide a measure of the average genetic distance between the gametes which formed an individual (Coulson et al. 1998 To test this idea, we analysed ¢tness traits in harbour seal pups in relation to their average heterozygosity and mean d 2 values from microsatellite data. We hypothesized a positive relation between mean d 2 , heterozygosity, and ¢tness-related traits (birth weight and neonatal survival).
MATERIALS AND METHODS

(a) Study site and population
Life history data were collected during long-term population studies of harbour seals at Sable Island, Canada. Sable Island (43855' N; 6800' W) is an isolated sand bar, 40 km long, located 160 km east of Nova Scotia. Harbour seals give birth on the north and south beaches of Sable Island. Our studies were done over a 24 km section of the north beach in 1994 and 1995.
The harbour seal population at Sable Island has consisted of 700^1200 adult males and females since monitoring began in the early 1970s (Boulva & McLaren 1979; W. D. Bowen, unpublished data) . Whereas there are little empirical data on migration, it is likely that there are low levels of gene £ow among harbour seal populations in eastern Canada, as Sable Island harbour seals show some distinct morphological characteristics such as a reduction in the number of post-canine teeth and di¡erences in pelage pattern from mainland populations (Boulva & McLaren 1979) . Ongoing long-term studies of individuals tagged and branded at birth have shown that both adult males and females are philopatric as they show breeding ¢delity to Sable Island (W. D. Bowen, unpublished data).
Pupping begins near the middle of May and covers a period of about 30 d. Lactation lasts for 24 d, on average (Muelbert & Bowen 1993 ). Birth weight is expected to in£uence ¢tness for several reasons. First, small o¡spring of other mammal species often su¡er higher mortality early in life (Guinness et al. 1978; Baker & Fowler 1992) . Second, harbour seal pups commonly enter a cold sea within hours of birth; thus, pups of low birth weight will have reduced insulation and a higher surface areato-volume ratio than relatively large pups, and will incur a higher metabolic overhead which may retard their growth rate during lactation. Third, pups of low birth weight are less physically developed, and may therefore have increased di¤culty suckling and su¡er retarded growth during lactation (Bowen et al. 1994) . Growth during lactation is thought to be important to ¢tness, as weaned harbour seal pups rely on their stored energy reserves during the critical transition period to independent feeding following weaning (Bowen et al. 1994) . For these reasons, birth weight was treated as a component of ¢tness. Birth weight is known to be in£uenced by maternal mass, but more strongly determined by maternal age in this species, as harbour seals begin reproduction while they are still growing (Bowen et al. 1994) . Male pups are also known to be approximately 5% heavier than females at birth (Bowen et al. 1994) .
(b) Data collection
Skin samples for DNA analysis were taken from every pup born in the north beach study area. A 6-mm diameter punch was used to create a hole in the webbing of the hind£ipper before insertion of an individual-speci¢c permanent tag (Dalton Industries), and the disk of skin and underlying tissue was stored in a 5 ml plastic tube containing a preservative solution of saturated NaCl^20% w/v dimethyl sulphoxide. We usually captured females simultaneously when handling pups for tagging. Pups of previously tagged adult females were weighed and marked with £uorescent paint to facilitate rapid identi¢cation during other concurrent studies. Captured females that were of known age were also weighed and similarly marked. Pups that were captured and weighed within one day of birth were considered newborn. Newborn harbour seal pups were commonly still wet with birth £uids, pieces of amnion or fresh blood stains may have been apparent on the coat, and the birth site, a patch of blood-stained sand and shed lanugo, was clearly visible nearby. We included pups with known birth dates which were weighed up to three days following birth. For these pups, we adjusted their body mass by subtracting the average mass gain of pups (0.5 kg d À1 ; Bowen et al. 1994) to estimate their birth weight. The status of all marked pairs was followed daily throughout lactation to estimate pup survivorship until weaning. Pups were considered to have survived until weaning if they were known to have survived their ¢rst 20 d (Muelbert & Bowen 1993 ).
(c) Microsatellite DNA analysis
Harbour seal pups were typed at six polymorphic microsatellite loci (table 1) . PCR ampli¢cation conditions are described in Coltman et al. (1996) . Tests for deviation from Hardy^Weinberg equilibrium and linkage disequilibrium were implemented using GENEPOP v. 1.2 (Raymond & Rousset 1995) in each cohort separately.
(d) Data analysis
For each pup, mean d 2 was calculated as
where a i and a j refer to the lengths of each allele at a locus, averaged over n typed loci. Individual heterozygosity was taken as the proportion of heterozygous loci. All data were checked for normality and transformed if necessary before parametric statistical analyses. Means are presented as AE1 s.e. and the level of statistical signi¢cance for all statistical tests was taken as 0.05.
RESULTS
Samples were taken from 144 pups tagged in 1994 and 131 pups tagged in 1995. Only pups typed at all six loci were included in the analyses (n 258; table 1). The frequency of heterozygotes observed at each locus varied from 0.42 (Pvc 19 in 1995) to 0.89 (SGPV 3) and varied little between years (table 1). A slight (4%), but statistically signi¢cant, heterozygote de¢cit was found at the locus SGPV 3 in both years. Such a de¢cit could be caused by a low-frequency non-amplifying or null allele (Pemberton et al. 1995) , however, in a large-scale paternity analysis in this population (Coltman et al. 1998) we did not observe segregation patterns consistent with the transmission of a null allele from a mother to a pup at SGPV 3. Genotype frequencies observed at all other loci did not di¡er signi¢cantly from Hardy^Weinberg expectations (table 1). There was no evidence for allelic disequilibrium between any two loci (data not shown). Mean heterozygosity averaged over all loci was 0.61 AE 0.01 (n 258 genotypes) and was distributed approximately normally (see ¢gure 1a). Arcsin square-root transformation of average heterozygosity did not improve the ¢t of the data to a normal distribution. Average d 2 values ranged among loci from 0.8 (H.g. 8.10 in 1994) to 21.6 (SGPV 3 in 1994) . Among all pups, the average mean d 2 value was 6.59 AE 0.39 (n 258) and showed a strongly right-skewed distribution (¢gure 1b). The distribution of mean d (r 256 0.29, p50.01; following log 10 transformation: r 258 0.48, p50.01). All subsequent parametric statistical analyses use the logarithmic transformation of mean d 2 . In neither year was the sex ratio of sampled pups significantly di¡erent from one (1 2 0.11 and 0.63 in 1994 and 1995, respectively). Birth weights were available for 60 tagged pups in 1994, and for 107 pups in 1995; however, 64 pups were born to the same female in successive years. When this occurred, information from only one year was randomly selected and included in the subsequent analyses. There was no signi¢cant di¡erence in the birth weights of pups born between years (two-factor ANOVA, year e¡ect: F 1,127 2.65, p40.05); however, male pups were signi¢cantly heavier than females in both years (twofactor ANOVA, sex e¡ect: F 1,127 12.74, p50.001). Di¡er-ences in survival between males and females, and between years, were not statistically signi¢cant (sex: 1 2 0.70, d.f. 1, p40.05; year: 1 2 1.49, d.f. 1, p40.05). A total of 25 out of 68 marked pups did not survive until weaning. Of these 25, two pups were stillborn. The remaining pups either were known to have been killed by sharks from tagged remains which washed ashore (n 15), or disappeared before the twentieth day of lactation and were probably killed by sharks (n 8). As there were neither signi¢cant di¡erences between years in mean d 2 , average heterozygosity, survivorship of marked pups, nor birth weight, data from both years were pooled for subsequent analyses.
A total of 60 pups were born to previously tagged females which were also captured and weighed within 24 h of parturition. A total of 39 mothers were of known age, and mass at parturition was known for all of these females. Maternal ages ranged from 5-to 15-years-old (mean 10.6 AE 0.43). Birth weight was positively correlated with maternal age (r 34 0.35, p50.05), maternal mass (r 58 0.13, n.s.), average heterozygosity (r 131 0.07, n.s.) and mean d 2 (r 131 0.11, n.s.). Separate multiple regression models explaining birth weight were constructed including the phenotypic terms, pup sex, maternal age and maternal mass, and either heterozygosity or mean d 2 as a genetic term (table 2) . When mean d 2 was included, the resulting regression model found pup birth weight to be signi¢cantly in£u-enced by sex (males heavier), maternal age (positively) and mean d 2 (positively). A regression of mean d 2 on residual birth weight, correcting for the e¡ects of maternal age and sex, illustrates the in£uence of mean d 2 on birth weight (see ¢gure 2a). Individual heterozygosity also signi¢cantly in£uenced birth weight, although the association was less strong than for mean d 2 (table 2) . When heterozygosity and mean d 2 were included in the same multiple regression model with maternal age and sex, heterozygosity was not a signi¢cant source of variation (t 1.33, p 0.194) whereas mean d 2 was signi¢cant (t 2.68, p50.05).
There were no signi¢cant di¡erences in birth weight, maternal age, nor in maternal mass between pups which survived until weaning and those which did not (table 3) . Pups which survived to weaning had signi¢cantly higher mean d 2 than those which either died or disappeared (t 2.32, p 0.024; ¢gure 2), yet did not di¡er signi¢cantly in mean individual heterozygosity (t 0.94, p 0.35).
DISCUSSION
Data presented in this study demonstrate that mean d 2 provides a more powerful predictor of inbreeding depression and/or heterosis on ¢tness-related traits of harbour seal pups than individual heterozygosity for microsatellite data. Birth weight, when corrected for pup sex and maternal mass, was positively related to both individual heterozygosity and mean d 2 . The relation with mean d 2 was stronger, however, as only mean d 2 remained signi¢-cant in the birth weight model when both terms were included. Mean d 2 also explained more variation in birth weight than individual heterozygosity in multiple regression models incorporating pup sex and maternal age (table 2) . Furthermore, the mean d 2 of pups that were known to have survived until weaning was signi¢cantly higher than that of those that did not, whereas they did not di¡er signi¢cantly in average individual heterozygosity. Coulson et al. (1998) found remarkably similar results in a study of birth weight and neonatal survival in red deer. They found positive, yet non-signi¢cant associations between individual microsatellite heterozygosity, birth weight and neonatal survival. Birth weight was signi¢-cantly associated with mean d 2 , however, and in£uenced neonatal survival indirectly as calves with low birth weight were more likely to su¡er neonatal mortality, particularly in years of low food availability.
In our study, the relation between mean d 2 and birth weight remained statistically signi¢cant, albeit at a lower level, following the removal of any single locus, including SGPV 3, from the calculation of mean d 2 (data not shown). The di¡erence in mean d 2 between pups that were known to have survived until weaning and those that died was statistically signi¢cant following the removal of any single locus except SGPV 3 (p 0.14). This indicates that the e¡ect of mean d 2 was not owing to linkage of a single microsatellite marker to a particular ¢tness-a¡ecting locus. It would appear, however, that SGPV 3 has a strong in£uence on mean d 2 , suggesting that more polymorphic loci may contribute disproportionately to the mean d 2 signal. We also calculated a standardized form of mean d 2 (mean d 2 std ) following transformation of the squared di¡erences in allele size at each locus to a similar scale:
where ' n represents the standard deviation of squared allele size di¡erences at the nth locus. Mean d 2 std was also signi¢cantly associated with birth weight in a multiple regression model with maternal age and pup sex, with similar explanatory power (t 3.60, p50.001; 21.6% of variance in birth weight explained by mean d 2 std ). However, the di¡erence between mean d 2 std of surviving pups and those that did not make it to weaning was not signi¢cant (t 1.41, p 0.16). It is thus possible that standardization may`dampen' the information contributed by more polymorphic loci.
We were not surprised to detect inbreeding-like e¡ects in harbour seal pups from the Sable Island population. The population is relatively small, and geographically separated from other harbour seal populations in Atlantic Canada by over 200 km of open ocean, which suggests the potential for genetic variability to be lost and homozygosity to increase as a result of genetic drift. Whereas it is true that pinnipeds are capable of moving large distances at sea, the harbour seal is a particularly philopatric species and populations in Europe and the Paci¢c show genetic substructure that is consistent with limited e¡ective migration between nearby populations (Lamont et al. 1996; Stanley et al. 1996; Kappe et al. 1997; Goodman 1998) . Perhaps as a consequence of limited migration and small population size, harbour seals at Sable Island appear to have relatively low levels of genetic variability. Average heterozygosity and the number of alleles per locus at microsatellite loci developed in harbour seals are lower in harbour seals than they appear in other pinniped species (Coltman et al. 1996) . Band-sharing coe¤cients (BSC) of DNA ¢ngerprints of unrelated Sable Island harbour seals (mean BSC of 0.62^0.69) are high compared with Paci¢c harbour seals (Lamont et al. 1996; Kappe et al. 1997) and among mammals in general.
Our data suggest that inbreeding depression and/or heterosis is manifest in birth weight and neonatal survival of harbour seal pups. From the available data, it is not possible to discriminate between inbreeding depression and heterosis. However, the positive association between individual heterozygosity and birth weight suggests the e¡ects may be partly a consequence of inbreeding or increased homozygosity owing to small population size. Inbreeding has been shown to adversely a¡ect birth weight in other mammalian species (Alados & Escos 1991; Lacy et al. 1996) , and correlations have been reported between growth rate and heterozygosity in a variety of taxa (Allendorf & Leary 1986; Mitton 1993; Britten 1996) . As the e¡ect of mean d 2 in this study was stronger than that of heterozygosity on both birth weight and neonatal survival, it suggests that heterozygotes with greater allele length di¡erences have greater ¢tness, on average. This would be consistent with some heterosis resulting from outcrossing with individuals from populations that have diverged in their allele length distributions. In this study, birth weight did not in£uence the survival of pups until weaning; however, birth weight was signi¢cantly correlated with mass at weaning (a mass measurement taken within three days of weaning was available for 27 pups included in this analysis, r 25 0.42, p 0.026; data not shown). Mass at weaning is probably an important component of ¢tness, as weaned harbour seal pups rely on their stored energy reserves during the critical transition period to independent feeding following lactation (Bowen et al. 1994) . Evidence for the e¡ects of inbreeding on neonatal survival have been reported for other mammalian species (Ralls et al. 1988; Alados & Escos 1991) and for adult survival in natural populations of birds and mammals (Keller et al. 1994; Jimenez et al. 1994) , however, there is no published evidence of increased susceptibility to predation of inbred young, which is the main cause of neonatal mortality in this population. Most studies of inbreeding have been done on captive populations, however, where predation is not a factor. Hass (1989) suggested that inbreeding may predispose some bighorned sheep lambs to coyote predation, however, it was concluded that inbreeding depression was probably not a main factor in lamb mortality. The results of this study suggest that relatively inbred harbour seal pups may be predisposed to neonatal mortality, which is usually caused by sharks, as pups that survive to weaning have signi¢cantly higher mean d 2 than those that did not (¢gure 2b). In conclusion, our data support Coulson et al.'s (1998) idea that mean d 2 o¡ers a practical tool for studying the ¢tness consequences of inbreeding and outbreeding in natural populations by providing a measure of genetic variability that provides more information than individual heterozygosity for microsatellite data. 
